A new technology equipment for low-pressure microwave assisted extraction (usually employed for organic chemistry reactions), recently launched in the market, is used for the first time in environmental analysis for the extraction of commercial technical Aroclor mixtures from soil.
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PCBs are resistant to degradation, have long persistency after their use and immission in the environment, accumulate in sediments and, through sediment dwelling microorganisms living organisms, they tend to enter the food chain. PCBs can be transmitted in breast milk [2] and can cross the placenta. The toxicity of PCB has been well documented [3] and therefore their occurrence poses a risk of causing adverse effects to human health and the environment. PCBs are found in soils, surface waters, sediments, air throughout the world, since they are transported across international boundaries far from their sources, even to regions where they have never been used or The classical method for extraction of PCBs from environmental samples is Soxhlet extraction which requires large amounts of solvent and about 20 h to complete the extraction. Ultrasound [4, 5] and microwave assisted extractions (MAE) [6, 7] have gained wide acceptance due to low temperature requirement, high extraction rate, automation and the possibility of simultaneously extracting different types of samples.
Toluene and dichloromethane were recognized among the most efficacious extraction solvents for PCBs allowing extraction yields included between e.g.: 66% (congener 118) and 95% (congener 180) for toluene and 49% (congener 118) and 101% (congener 153) for dichloromethane [8] . More recently, accelerated solvent extraction (ASE) was proposed as alternative promising approach. Under elevated temperature and pressure, an extraction solvent can be used above its boiling point but still remaining in the liquid state, increasing the kinetics of the extraction process. As a result, the extraction time and solvent consumption are significantly decreased. Many ASE applications were proposed for PCBs determination in solid environmental samples [9, 10] .
As far as MAE approach is concerned, for any heating effect, a polar solvent which is miscible with the nonpolar extraction solvent must be added. Nevertheless, Düring and Gäth [11] used an hydrophobic solvent (n-heptane) as solely applied extraction solvent with heat transformer disks which absorb the microwave energy and allow a rapid convective heating of the non-polar solvent. Anyway, it must be said that microwave assisted extractions are generally performed in a closed-vessel system and have several common features such as: the use of pressurized Teflon extraction vessels that must be carefully rinsed with n-hexane and processed with pure acetone by MAE before use to avoid cross-contamination; 3-15g of sample; 20-30 mL extraction solvents [7] . The extract should be then subjected to a long purification procedure aimed at the removal of co-extracted interferents, requiring discrete amounts of solvents. A critical appraisal of the analytical protocols, including extraction, for PCBs determination in environmental matrices has been provided by Muir and Sverko [12] .
No single, detailed, step-by-step analytical method can be recommended or PCBs determination [12] . A performance-based approach has also been adopted by the US EPA in an effort to introduce flexibility in conducting environmental monitoring.
This approach also encourages analytical innovation by allowing the use of new and alternate methods provided that predetermined performance criteria are met [13] .
In this study, we show the use of a new, recently marketed, platform for lowpressurized microwave digestion technology for the extraction of PCBs from contaminated soils. To the best of our knowledge, this study represents the first use of this equipment for environmental applications.
The study was performed according to the following main analytical steps: optimization of (i) microwave extraction conditions; (ii) purification conditions; (iii) optimization of gas chromatographic separation. The method was then compared with ultrasound assisted extraction and validated by certified samples. The method proposed is characterized by: fast extraction times; the use of very low amounts of sample and solvents, in respect to the already available extraction approaches (included traditional microwave based methods); the use of disposable extraction vessels which avoid contamination problems commonly encountered during routine analysis; easy to use sample holders which do not require additional tools. The low pressures involved do not pose the safety risks (explosion) that can be encountered in the traditional MAE applications. The method is also characterized by good resolution between difficult pairs of congeners and by good reproducibility and accuracy as shown by the validation procedure.
Experimental

Chemicals
All reagents used throughout this work were analytical grade. Acetone (PA-ACS-ISO, 99.5%) was from Panreac, Novachimica (Milan, Italy). Cyclohexane, sulfuric acid, 98%, Na 2 SO 4 anhydrous, silica gel, activated granulated Cu, and Al 2 O 3 were from Sigma Aldrich (Milan, Italy).
For extract purification, silica gel cartridges were used as such, according to manufacturer indications. Al 2 O 3 was activated by heating overnight at 150 °C.
Granulated Cu was used as such as recommended by the manufacturer. Before use, Na 2 SO 4 was heated overnight at 120 °C.
The internal standard (PCB-Mix 26) is a solution of 300 ng/µL C30 and 100 ng/µL C209 congeners in cyclohexane and was purchased from Dr Ehrenstorfer (Ausburg, Germany).
While both internal standards were used for peak identification (see §2.5), congener C209 is involved in individual congeners quantification (see § 2.6).
Certified reference materials, 50 µg/g each, Aroclor 1260, Aroclor 1254 and Aroclor 1242 solutions in transformer oil matrix were from Ultra Scientific (RI, USA) Certified solution containing 9 PCBs congeners (C18, C31, C44, C101, C118, C138, C170, C180, C194) and C209 in isooctane all at 10 mg/L (purity 98-99%) were from Dr Ehrenstorfer.
Instruments
A Discover SP-D (CEM, BG, Italy) microwave digestor provided with autosampler was used throughout this work. 
Samples and sample preparation
Ultrasound extraction
1 g of soil sample was added to 10 mL isooctane, spiked with the internal standard (C209 and C30) and sonicated for 1h. The sample is decanted and 3 mL of solvent are added with 2 mL H 2 SO 4 and sonicated again for 10 min. After phases separation, the supernatant organic phase is injected into the GC-ECD system and analyzed.
Congeners identification
The identification of the PCB congeners was performed recognizing the chromatographic peaks through relative retention time (RRT):
Where t R,i is the retention time of the congener to be identified, t R,C30 and t R,C209
are the retention times of the congeners C30 and C209, respectively.
Each congener was assigned to signal peak by comparing the elution profile of a mixture of the certified solutions of Aroclor 1242, Aroclor 1254, Aroclor 1260 with reference chromatogram depicted in the Standard IEC 61619 [14] .
Evaluation of PCB concentrations
The PCB concentration was calculated according to the internal standard procedure, through the mass of i-peak (m i ):
Where M s and A s are respectively the weight (mg) and the chromatographic peak area of the internal standard congener 209; A i is the chromatographic peak area of the ipeak and RRF i is the relative response factor corrected for the i-peak.
Corrected RF i were calculated as described in Standard IEC 61619, §11.5 [14] .
The calculation procedure can be briefly summarized as follows. The 105 peaks that can be separated in the described chromatographic conditions are associated with nine chromatographic segments. For each segment, one congener is used as a reference for quantification by calculating the actual experimental relative response factor (ERRF).
The nine ERRF values obtained are then compared with the tabulated ERRF values and resulting k ratio is used to calculate all the RRF i s, by assuming that all RRF of peaks belonging to the same segment are in the same ratio with the RF of congener 209.
Total PCB concentration was finally expressed as
Where m c (g) is the mass of the soil sample.
Results and discussion
Optimization of microwave conditions
The digestor used has a focused single-mode cavity designed to maximize the microwave energy input to the sample in a high-density field, giving the system an efficiency that needs only a fraction of the energy required by multimode systems (300 W vs 1400-1600W). A circular cavity, completely encapsulating the disposable pyrex vessel, is designed to focus energy efficiently on the sample, drastically reducing reaction times. For this features, the digestor can be considered among the most energyefficient microwave digestion system available. The use of disposable pyrex vessels is two-fold advantageous. In fact, in this way the cross-contamination among samples is totally avoided and, as a consequence, tedious and solvent consuming washing procedures of sample vessels are unnecessary. Moreover, since the pyrex sample vessel is transparent to the IR, the system allows a continuous monitoring of temperature and pressure conditions in the extraction ambient, ensuring reliable and reproducible extraction conditions. Extraction was performed by 5 mL of a 3:2 acetone:cyclohexane mixture. The use of a polar solvent such as acetone allows the absorption of microwave energy and hence a rapid heating of the non-polar solvent, so that temperatures far above the boiling point of cyclohexane (80.7 °C) could be achieved.
The effect of temperature was initially studied. The highest the temperature, the more efficient the extraction yield. Nevertheless, an increase in temperature also leads to increased pressure that can give losses of analytes. we choice not to use this feature to avoid cross-contamination.
The extracts were purified with sulfuric acid and injected for GC analysis. Since high background noise and overestimates of PCB concentrations (4.25 mg/kg) was obtained, further experiments were aimed to decrease the background signal of the GC analysis, optimizing the purification conditions of the extracts.
Optimization of purification of extracts
The purification of the extracts is an important step to remove the interferents co-extracted and residual of water. Experiments were performed on a non-contaminated soil sample (blank), added with internal standard solutions and extracted according to the previously optimized conditions. Several purification procedures (listed in table 1) were evaluated. Before each purification procedure, the extracts were centrifuged at 3850 rpm for 5 min. After purification, the resulting solutions were analyzed by GC-ECD at the conditions detailed in table 2 (ramp 1). The results obtained for each purification method are shown in table 1, expressed as sum of peak areas eluted in the time window included between C30 and C209 peaks.
As a first attempt, the extract was injected without any purification (Method A).
Results clearly indicate that some co-extracted compounds give rise to signals to ECD detector that can interfere with PCB determination. Cleaning of the sparger requires an additional rinsing step with ultrasounds and cyclohexane.
The clean up procedure is fast and very simple in respect to other procedures. If compared with usual microwave-assisted extraction, the digestor used and the procedure developed requires lower extraction times (25 min vs 45 min [9] ), lower amounts of solvent (5 mL vs 25-30 mL [9, 16] ) and easier purification procedures not involving solvent-exchange and/or fractionation on columns which in turn require additional discrete volumes of eluting solvents.
It is worth noting that also the amount of soil extracted (0.4 g) is lower than required by other approaches (5-15 g soil required by ASE [17] or by conventional MAE extractions [7, 9, 18] . To compare with other environmental matrices, e.g. sediments, minimum amount of 5-10 g must be subjected to extraction [19, 20] .
It must be also highlighted that the proposed MAE approach can be attractive for those analysis where the availability of the sample is a limiting factor (e.g.: biological, forensic appllications).
Chromatographic separation conditions
In order to test the performance of the separation conditions, a resolution check between the pairs of congeners C28/C31 and C141/C179 was performed, as recommended by the Standard IEC 61619. In fact, separation of the mentioned pairs of congeners is critical in many environmental samples, the order of elution of the isomers 28 and 31 is frequently confused [21] and moreover C28 congener is usually present in the majority of technical mixtures [1] .
According to the Standard, the resolution should be at least 0.5 for C28/C31 and 0.8 for C141/C179. At the GC conditions labeled as ramp 1 (table 2) , the resolutions between C28/C31 and C141/C179 were respectively 0.8 and 1.3. In figure 2a a typical chromatogram showing the separation between the pair C28/C31 is reported. It can be seen that both the values fulfill the requirement of the Standard. To further improve the resolution of the separation condition, especially for C28/C31 pair, ramp conditions were changed. After several experiments, the ramp giving the best resolution among peaks was ramp 2 in table 2, that provided a resolution of 1.7 for C28/C31 (see figure   2b ) and 1.0 for C141/C179. Ramp 2 was used for further method performance evaluation.
Method performance
Extraction yield
After the optimization of microwave extraction, purification and chromatographic parameters, the extraction yield was evaluated. A known amount of PCB-free soil was contaminated with a certified solution containing 9 PCB congeners and C209 in isooctane to give a concentration of 1.25 mg/kg for each congener. The certified solution contains, among the others, the congeners C101, C138, C180, which are present in many technical mixtures, and C118 that being a dioxin-like congener
[22], belongs to the toxic congener [1] .
The PCBs were hence extracted from the soil, and the extract purified as optimized. The procedure was performed in triplicate. The purified extracts were analyzed by the optimized GC-ECD ramp and for each congener, the recoveries were calculated according to the following relationship:
where A i,soil is the area of the i-peak detected after extraction of the soil, and A i,solution is the area of the i-peak originally present in the certified solution.
The results (table 3) 11.5%) [23] or in agreement with data presented by Pozo et al [20] who reported a recovery for PCB-30, with an average recovery >80% (Soxhlet extraction). As a comparison, for MAE extraction (5 g sample), recovery of 80±9, 70±11, 69±4 where obtained by Herbert et al. [18] .
To speed up the whole extraction procedure, extraction experiments were repeated at lower temperature holding time (5, 10, and 15 min). Since no significant changes in recovery were observed, further experiments were performed at 5 min temperature holding time. found [18, 24] , even if, differently from our approach, the calculated values are hardly experimentally verified.
Detection limit
Accuracy
The accuracy of the extraction method was evaluated on two certificated soil mg/kg for residential and allotment land uses, as it was the case of the sample analyzed.
As a comparison, the sample was also extracted by the ultrasound procedure and analyzed, obtaining a concentration of 1.11±0.08 mg/kg, confirming the underestimation of the ultrasound procedure.
In the present study, a novel, fast, sensitive and reproducible low-pressure microwave assisted extraction and purification method was developed, validated, and successfully applied to the determination of PCBs in soil samples by GC-ECD.
The method developed provides short extraction times. The extraction procedure, in combination with the simple clean-up of the extract, reduced drastically the solvent consumption and thus is more environmental friendly. The validated method showed a good performance with regard to, LODs, extraction yields, accuracy and precisions. The method can be applied, as an attractive and very promising approach, to the analysis of PCBs in environmental samples, due to the possibility of automation, easy to use, fast and low cost analysis, when compared to conventional (Soxhlet, MAE, ultrasound) extraction methods. The technology used avoids cross contamination, due to the use of user-friendly disposable vessels, and does not pose safety risks (explosion), due to the low working pressures. Features of the method, including the low sample amount required make it promising for applications where the availability of the sample is a limiting factor (e.g.: forensic). 
